We have developed an experimental system for real-time vibrational spectroscopy of molecules in a specific electronic excited state. A synchronized UV light source and a few-cycle visible laser pulse were utilized to prepare and investigate the ultrafast dynamics of molecules in the electronic excited states. A multichannel lock-in amplifier detection system operating in a tandem double lock-in detection mode was used to extract the signal correlated only to the UV and visible pump pulses. Real-time vibrational spectroscopy of chrysene in the triplet state and 1 0 , 3 0 -dihydro-1 0 , 3 0 , 3 0 -trimethyl-6-nitrospiro [2H-1-benzopyran-2, 2 0 -(2H)-indole] in a photochromic state was demonstrated.
INTRODUCTION
During the course of research into light-matter interactions in the time domain, real-time vibrational spectroscopy using ultrashort pulses has provided new insights into the ultrafast dynamics of molecules . Real-time vibrational spectroscopy gives us the information of both the amplitude and phase of molecular vibration in addition to the relaxation dynamics of electronic excited states. The modulation of instantaneous vibrational frequency due to mode coupling can be detected by real-time vibrational spectroscopy, while femtosecond stimulated Raman spectroscopy [32] [33] [34] , which is also time-domain spectroscopy, cannot resolve the modulation and nonstationary frequency in cases when the modulation period is only a few times greater than the carrier frequency. Studies in real-time vibrational spectroscopy have been developed to investigate the dynamic vibrational mode coupling in molecules [11, [14] [15] [16] 27] . Furthermore, study of vibronic coupling through real-time vibrational spectroscopy has shown the structural changes in molecules, including transition states and intermediates during photochemical reaction [22, 25] and reaction even in the ground state [26] . The method is expected to provide information about potential hypersurfaces [18] [19] [20] [21] . Self-trapped excitons in conjugated polymers with nondegenerate ground states and solitons in transpolyacetylene have also been studied [11, 24] . However, a limitation of real-time vibrational spectroscopy is that the target molecule is always initially in the electronic ground state.
To gain much broader insights into the electronic excited states and to control the molecular reactions, techniques such as pump-repump-probe and pump-dump-probe have been used [35, 36] . However, these techniques also have a limitation in that the maximum time range is up to several nanoseconds due to the use of a single laser source and optical delay.
Long-time-range experiments from several nanoseconds to seconds have been performed using flash photolysis [37] but with low time resolutions. Recently, an attempt was made to construct an experimental setup that would extend the time range from femtoseconds to milliseconds [38, 39] . These experimental techniques can be used to obtain the transient absorption spectra of electronic excited states. By applying long-time-range techniques to real-time vibrational spectroscopy, the ultrafast dynamics of molecules can be investigated based on the vibrational structure of different electronic excited states.
The few-cycle laser pulses used in real-time vibrational spectroscopy have a very broad bandwidth. Therefore, to fully utilize the available frequency information, a broadband detector is required that has both high resolution and high sensitivity. Our group previously reported an original detection system composed of a multichannel lock-in amplifier (MLA) [40] and we demonstrated the advantages of this system by applying it to several samples [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 40] . Recently, several groups have utilized two-dimensional (2D) detectors, such as CCDs [41] and photodiode arrays [42] . However, these detection systems have limited dynamic ranges due to the background noise extending over the entire frequency region [43] . Thus, the reported absorbance change spectra measured by these detectors are usually on the order of 10 −3 [44, 45] . Such a noise effect is lower in our MLA system because the lockin amplifier is just a filter circuit that extracts a specific frequency component.
In the present paper, we demonstrate a laser system based on synchronization between picosecond and femtosecond regenerative amplifiers. This synchronization is achieved by a phase-locked-loop system [38] . By combining a synchronized double-laser system with a MLA detection system, we can extend the real-time vibrational spectroscopy of molecules from the electronic ground state to the different excited states, with lifetimes of up to 1 ms after photoexcitation. The prerequisite of setting molecules in a specific electronic excited state is achieved by irradiating with a picosecond UV pulse that does not excite molecular vibrations. The visible femtosecond pump and probe pulses are irradiated to the molecules in the excited state, allowing real-time observation of molecular vibrations in specific electronic excited or intermediate states of photochemical reactions. A highly sensitive detector is required because excited or intermediate states have much smaller populations than the ground state. Additionally, the detector needs to be able to detect two different pump pulses. A double lock-in technique [44, 45] is applied to the MLA system to extract the signal correlated with only UV and visible pump pulses. To demonstrate the benefits of our experimental setup (see Fig. 1 ), real-time vibrational spectroscopy of chrysene in the triplet state and a photochromic molecule was performed.
EXPERIMENTAL SETUP
A. Light Sources 1. Noncollinear Optical Parametric Amplifier The pump source for the noncollinear optical parametric amplifier (NOPA) system [46, 47] was a commercially available regenerative amplifier [48] that produces 35 fs pulses at a repetition rate of 1 kHz with a center wavelength of 790 nm and an average output power of 2:3 W. A small fraction of the fundamental beam was focused on a 2 mm thick Y 3 Al 5 O 12 plate [49] to generate a white light continuum through a single stable filament. The second harmonic (SH) was generated in a 0:4 mm thick β-BaB 2 O 4 (BBO) crystal (type I, θ ¼ 29:2°) using a pulse with an energy of 25 μJ. The SH was separated from the fundamental and was utilized as the pump for the NOPA system.
The external noncollinear angle between the pump beam and seed was 6:4°at the BBO crystal. This corresponds to an internal angle of 3:7°, which allows broadband phase matching. After the double-pass NOPA, the amplified signal pulse had a spectrum extending from 1.69 to 2:37 eV (523-733 nm) and was first compressed by a pair of chirped mirrors and then by a pair of prisms. The final pulse duration was 6:2 fs, which is close to the Fourier-transform (FT) limit. The pulse from the NOPA was split into pump and probe pulses with energies of approximately 60 and 6 nJ, respectively.
UV Light Source
A picosecond regenerative amplifier system [48] was employed to electronically excite the target molecules without inducing molecular vibrations. The amplifier had a repetition rate of 1 kHz, producing 1 ps pulses with a center wavelength of 800 nm and an average output power of 1 W. The UV (400 nm or 266 nm) pulse was created via SH generation and third-harmonic generation in type I BBO crystals. In this study, we utilized only the wavelength of 266 nm. To avoid damaging the sample, the output power of the UV source (>30 mW) was attenuated to 1 mW so that the pump intensity at the sample surface was approximately 0:35 TW=cm 2 .
Synchronization of NOPA and UV Light Sources
Synchronization of the two light sources was performed for both the oscillators and amplifiers. The phase-locked-loop system synchronized the femtosecond and picosecond oscillators, which were operated as the master and slave units, respectively [48] . The timing jitter was nominally lower than 200 fs, and the relative delay time range (the reciprocal of the oscillator repetition rate) was 13:2 ns. Synchronization of the amplifier systems was performed via a Countdown Electronics 76 MHz to 1 kHz unit, Q-switch timing of the pump lasers, and synchronization and delay generators (SDGs). The radiofrequency (76 MHz) signal from the femtosecond oscillator was connected to the Countdown Electronics 76 MHz to 1 kHz unit to generate a 1 kHz signal synchronized with the oscillator repetition rate. Digital function generators [48] guided the 1 kHz signal to the Q-switch timing system of the pump lasers and SDGs. The timing jitter between each output pulse of the regenerative amplifiers was determined to be 700 fs from a cross-correlation trace. The delay between the two pulses could be tuned from 0 ps to 1 ms (the reciprocal of the repetition rate of the regenerative amplifier system). The relative time delay between the femtosecond and picosecond regenerative amplifier systems was adjusted by varying the Qswitch timing of the pump lasers and the timing of the SDGs via a digital delay generator with a 13:2 ns coarse step and by changing the relative phase of the picosecond and femtosecond oscillators during precise tuning. The relative delay between the two pulses was measured by a p-i-n photodiode [48] . In the time scale less than the regenerative round trip time, we need to adjust the firing timing of the Q switch of the pump laser and the phase shift of the phase-locked-loop system simultaneously. To precisely lock both output pulses from the amplifiers, the phase-locked-loop system in the 2D IR experiment [50] may be beneficial. However, because the time range in this paper is on the order of nanoseconds, the timing jitter with less than 1 ps can be negligible.
B. Pump-Probe Setup
For the pump-probe experiment, the output beam from the NOPA, as described in Subsection 2.A.1, was divided into two and used for both the pump and probe. The pump-probe setup consisted of a two-arm delay line with a Michelson interferometer configuration (see the upper-right of Fig. 1 ). The probe pulse was perpendicular to the original beam after being reflected from a beam splitter, and it was guided to an off-axis parabolic mirror. The pump pulse that was transmitted to the beam splitter was retroreflected with an optical delay line and guided to an off-axis parabolic mirror that was parallel to the probe pulse. The optical delay of the pump pulse was tuned by a high-resolution, high-precision feedback stage [48] . The resolution of each stage step was up to 10 nm (0:03 fs), and the reproducibility accuracy was 20 nm due to the quartz scale and ball lead used to determine the position of the stage. The stage could be moved at a maximum speed of 10 mm=s. Both the pump and probe pulses were guided to offaxis parabolic mirrors and focused noncollinearly onto the sample stage with a relative angle of less than 3°. The pulses were characterized by the autocorrelation method using a 10 μm thick BBO crystal. The BBO crystal was placed at the focal point of both the pump and probe pulses, and the generated sum frequency component was detected by a photomultiplier.
In the pump-probe experiment, the BBO crystal used to characterize the pulses was replaced by the sample. The transmitted probe pulse was refocused onto a multimode fiber and guided to the detection system. In the NOPA pump-probe experiment without a picosecond UV pulse, the absorption difference spectrum was measured by placing an optical chopper [48] in the pump beam to detect the modulation induced in the probe pulse by the NOPA pump pulse.
For this study, we prepared an additional UV light source. UV light was guided collinearly and focused with the NOPA probe pulse. In the UV pump-NOPA probe experiment, the optical chopper was applied to the UV pump pulse. To achieve double modulation in the UV pump-NOPA pump-probe experiment, a shutter was placed in the UV beam and a chopper was placed in the NOPA pump beam. All modulated probe pulses were guided to the MLA system described in the following section. A signal with the same frequency as the modulation frequency was demodulated by applying the transistor-transistor-logic signal produced using the chopper or shutter whose modulation frequency was used as the reference frequency for the MLA.
C. Detection System 1. Multichannel Lock-in Amplifier System
The MLA system has previously been outlined in [40] . Here, we describe improvements we have made to the system. Our modified detection system included a multimode fiber, a polychromator, a 128-channel fiber bundle array, 128 Si avalanche photodiodes (APDs), 128 preamplifiers, 128 active low-pass filters produced in house, and four 32-channel lockin amplifiers [48] .
The NOPA probe beam was guided to the polychromator by the multimode fiber. Light dispersed by the polychromator was coupled into the 128-channel fiber bundle array placed in the focal plane of the polychromator. To acquire a high photon flux, this 2D fiber array was composed of 128 rows and 16 columns. On the other side of the fiber array, every 16 fibers were bundled into a single fiber. Thus, a broad frequency range could be registered by the 128 independent fibers. The spectral resolution and spectral coverage depend on the groove number of the grating and slit width of the input side in the polychromator. Because, in the present experiment we selected the grating with 300 grooves=mm, the detected spectra bandwidth was 180 nm. This allowed the entire spectral range of the NOPA probe pulse to be detected simultaneously with a resolution of 1 nm.
The 128 fibers were guided to corresponding 128-channel Si APDs and preamplifiers. The Gaussian-like output signal from the preamplifier contained high-frequency components, even after dispersion by the polychromator grating because of the short probe pulse duration (<10 fs). To reduce unwanted higher harmonic frequency components, an active low-pass filter kit was included in the MLA system. Figure 2 shows a schematic diagram of the low-pass filter. Its cutoff frequency can be controlled by varying the external resistance. For our laser system, the 1 kHz repetition rate means that the maximum modulation frequency of the pump pulse is 0:5 kHz. As shown in Fig. 2 , the filter can reduce the fundamental component by 40 dB without reducing the modulation frequency component. This was possible because the cutoff frequency of the filter was designed to be 1.2 times greater than the maximum modulation frequency. As shown in Fig. 2 , the filter kit has two control switches: one switch guides the input signal, with or without the application of the low-pass filter, to the output, while the other switch selects the cutoff frequency as either 0.6 or 3 kHz (for the laser system with a repetition rate of 5 kHz).
In our experimental setup, we connected four 7210 lock-in amplifiers together to form a single system (32 × 4 ¼ 128 total channels). The noise level at 1 kHz was 50 fA= ffiffiffiffiffiffi Hz p , and it was possible to detect very weak signals in the pump-probe experiments, as demonstrated in Subsection 3.A.2. The lock-in system detects only signals with the same frequency and phase as the reference signal. Consequently, the MLA, in principle, offers a higher sensitivity than other 2D detectors, such as CCD cameras and photodiode arrays. An example of the high sensitivity of this system for absorbance change spectra measurement has been presented in Ref. [45] .
Tandem Double Lock-in Detection
For the regular pump-probe experiment, the modulation frequency of the probe pulse corresponds to the chopped pump pulse. If we guide the probe pulse to the lock-in amplifier, the reference frequency (corresponding to the modulation frequency of the pump pulse) is needed to extract the difference between the signals with and without the pump pulse. The lock-in amplifier acts as a filter circuit and demodulates the signal with the same frequency as the reference frequency. However, the UV picosecond pump-NOPA femtosecond pump-NOPA femtosecond probe experiment requires two different modulation frequencies and detection systems to extract the signal that correlates to just the two pump pulses. We introduced tandem double lock-in detection for this purpose.
The signal component to be extracted can be described as follows:
When the probe pulse is guided to the first lock-in amplifier and the reference frequency is selected to be the same as the frequency of the NOPA pump pulse, the signal registered by the lock-in amplifier has two different components: one with and one without the UV pump pulse. Then, if the resultant signal is guided to the next lock-in amplifier and the reference frequency is set to the frequency of the UV pump pulse, the output signal of this lock-in amplifier correlates only to the two pump pulses. This double lock-in scheme is encompassed by the digital signal processor of the MLA system.
To acquire a signal with a maximum height, the relationship between the time constant and the modulation frequency should be expressed as follows [44, 45] :
where f 2 is the second modulation frequency and τ 1 is the time constant of the first lock-in detection system. In this study, we selected f 2 and τ 1 to be 1 Hz and 1 s, respectively. Because the lock-in amplifier is simply considered to be a frequency filter, the time constant of the low-pass filter in the lock-in amplifier limits the signal-to-noise ratio. Thus, the longer time constant provides us a better resolution signal, in principle. In Ref. [45] , the authors selected the time constant as 50 min. Thus, they can get the absorbance change spectra with an order of 10 −6 . However, it takes a very long time to acquire the data, because it needs at least about three times of the time constant of the low-pass filter in the measurement by using the lock-in amplifier. In ultrafast spectroscopy, instability of output power from a laser in use during data acquisition time limits the setting of the long time constant. Considering the trade-off between stability and the averaging time, the time constant of the second lock-in detection was determined to be 3 s in the present experiment. As shown in Section 3, the limitation of the detectable absorbance difference was ∼10 −5 .
D. Samples
The test samples for the experimental system were chrysene (Sigma-Aldrich, Inc.) and
(Tokyo Chemical Industry, Inc.). They were used without further purification. The chrysene was dissolved in hexane, and the 6-nitro-BIPS was dissolved in toluene. The sample solutions were kept in a quartz cell with an optical path length of 1 mm during the experiment.
REAL-TIME VIBRATIONAL SPECTROSCOPY OF MOLECULES IN ELECTRONIC EXCITED STATES A. Chrysene Molecules in the Triplet State
Chrysene is one of most extensively studied molecules by absorption, emission, and Raman spectroscopies [51] [52] [53] . Thus, its properties are well known; it has an S 1 lifetime of 40 ns and an intersystem crossing quantum efficiency of greater than 0.81 [52] . As shown in Fig. 3 , the stationary absorption spectrum for the singlet state shows absorption in the UV range but no absorption in the visible range.
UV Picosecond Pump-NOPA Probe Experiment
If we use the UV (266 nm) picosecond light source to generate the pump pulse and the NOPA to produce the probe pulse, we can study transient absorption in the absence of molecular vibrations with the MLA system in single lock-in mode. Figure 3 shows the UV and NOPA laser spectra that were utilized in this experiment.
The red curve in Fig. 3 indicates the transient absorption spectrum of the chrysene molecules in the triplet state. As noted in Subsection 2.A.3, the relative delay time between the UV picosecond pulse and the NOPA pulse can be tuned between 0 ps and 1 ms; here, the time delay between the UV pump and NOPA probe pulses was set to 100 ns. The energies of these irradiation pulses were 1 μJ and 6 nJ, respectively. The pulse beam diameters at the sample were measured by a beam profiler to be 600 and 700 μm, respectively. To prepare and probe only molecules in the triplet state, both the diameter and intensity of the UV pump pulse needed to be greater than those of the NOPA probe pulse.
UV Picosecond Pump-NOPA Femtosecond Pump-NOPA Femtosecond Probe Experiment
Under the same experimental conditions, we introduced a NOPA pump pulse (energy, 60 nJ; diameter at the focal point, 100 μm) to investigate the dynamics of the chrysene molecules in the triplet state.
For this experiment, the NOPA pump pulse was chopped by an optical sector, and the UV pump pulse was chopped by an optical shutter to generate double modulation of the NOPA probe pulse. The modulation frequencies were 500 and 1 Hz, respectively. The MLA system was operated in the tandem double lock-in mode. Real-time vibrational spectroscopy of the chrysene molecules in the triplet state was performed for delay times of −100 to 700 fs in 1 fs steps. Figure 4 (a) shows the 2D absorbance change spectra [ΔΔAðω; tÞ ¼ − logð1 þ ΔΔT=TÞ]. Figure 4(b) shows the probe delay dependence of ΔΔA for the relaxation of the electronic excited state with molecular vibration. Strong photobleaching is observed in the region from 540 to 580 nm, and weakly induced absorption spectra appear between 600 and 660 nm. Although ΔΔA is very small [∼10 −5 ; see Fig. 4(c) ], the ΔΔA signal can be acquired without difficulty due to the high sensitivity of the lock-in amplifier.
B. Photochromic 6-Nitro-BIPS Photochromic molecules have been extensively investigated for several decades [54] , because they can be used for photoswitches [55, 56] and 3D memory [57] . When a photochromic molecule is irradiated by UV light, absorption is shifted to a longer wavelength due to structural changes in the molecule, Fig. 3 . (Color online) Stationary (black curve) and triplet-triplet (T-T) absorption spectra of chrysene (red curve). Laser spectral profiles for the UV (violet line) and NOPA pulse (blue curve). The T-T absorption spectra were measured by NOPA pulse irradiation 100 ns after the UV pulse. such as photoisomerization and ring-opening reactions [54] . 6-nitro-BIPS is a photochromic molecule that exhibits the ring-opening reaction most clearly [58] [59] [60] . UV irradiation opens the ring, and 6-nitro-BIPS becomes a merocyanine molecule. Here we use our experimental system to investigate the ultrafast dynamics of merocyanine (6-nitro-BIPS in the excited state). Figure 5 shows the stationary absorption spectra. Before UV irradiation, there is no absorption in the visible region, whereas after UV irradiation, absorption appears in the visible region (indicated by the red curve in Fig. 5 ). Because the lifetime of the excited 6-nitro-BIPS molecule (>1 s) is longer than the repetition rate of the laser system, a higher absorption density can be achieved than for chrysene. Thus, we may regard the excited 6-nitro-BIPS molecule as a pure material, in the same way as in a conventional NOPA pump-probe experiment. Figure 6 shows the 2D absorbance change spectra [ΔΔAðω; tÞ] of the spiropyran-derived merocyanine. The strong absorption that appears around 590 nm is due to bleaching/induced emission with a periodic modulation due to molecular vibration. Figure 7 shows the FT of the ΔΔAðω; tÞ spectra. The intense signals at 521, 789, 1009, and 1217 cm −1 are due to the solvent toluene of the 6-nitro-BIPS solution sample. Others are due to the 6-nitro-BIPS. The components at 941, 1165, 1209, 1246, and 1393 cm −1 are attributed to merocyanine molecules based on theoretical calculation [58] . A more detailed discussion will be presented elsewhere soon.
CONCLUSION
We have developed a new experimental system for real-time vibrational spectroscopy to investigate molecules in the excited, intermediate, and transition states. This system has the many following advantages:
1. A UV picosecond pulse excites the molecule into an electronic excited state or a few states without inducing molecular vibrations.
2. The NOPA pump pulse generates signals due to induced absorption, stimulated emission, and bleaching coupled to molecular vibrations excited impulsively.
3. Because of the broadness of the NOPA probe pulse, the wavelength dependence of the absorbance change induced by wave packet dynamics can be investigated to obtain detailed information concerning vibronic interactions and mode coupling.
4. Because the UV and NOPA pulses are synchronized, the time delay between the pulses can be tuned easily between 0 and 1 ms. Thus, we can select molecules in specific electronic excited states after photoexcitation.
5. The MLA system is a powerful tool for investigating wave packet dynamics with high sensitivity. Additionally, by applying the tandem double lock-in technique, we can extract signals correlated only to the double modulation.
By utilizing this spectroscopic technique, we can investigate a wide range of molecules in specific electronic excited states. The final goal of using this experimental system is the investigation of the whole chemical reaction processes initiated by the laser pulse including the transition states, intermediate states, and final products. Recently, with the aid of progress in computational technology, quantum chemical approaches, such as the time-dependent Hartree-Fock calculations, have also been implemented [36, 61, 62] . The experimental evidences of this system helps the theoretical technique and gives us the interpretation of the dynamics by mapping the molecular potential energy hypersurfaces [18] [19] [20] .
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